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We study the gravitational waves (GWs) spectrum produced during the electroweak phase tran-
sition in a scale-invariant extension of the Standard Model (SM), enlarged by a dark U(1)D gauge
symmetry. This symmetry incorporates a vector dark matter (DM) candidate and a scalar field
(scalon). Because of scale invariance, the model has only two independent parameters and for the
parameter space constrained by DM relic density, strongly first-order electroweak phase transition
can take place. In this model, for a narrow part of the parameter space, DM-nucleon cross section
is below the neutrino-floor limit, and therefore, it cannot be probed by the future direct detection
experiments. However, for a benchmark point form this narrow region, we show the amplitude and
frequency of phase transition GW spectrum fall within the observational window of space-based
GW detectors such as eLISA.
I. INTRODUCTION
The detection of GWs [1] has opened up a new and
independent avenue for probing of New Physics. These
waves are ripples in the fabric of space-time generated
by energetic and violent sources such as black hole and
neutron star binaries, extreme mass ratio inspirals, and
first order cosmological phase transitions. The main tar-
gets of ground-based GW detectors are black hole and
neutron star binaries with best sensitivity at frequencies
O(102) Hertz, while space-based detectors are most sen-
sitive to milli-Hertz or deci-Hertz frequencies [2]. The
stochastic background of primordial GWs produced dur-
ing first order electroweak phase transition is a physical
sources of GWs in this frequency band [3].
Cosmic phase transitions occur when the temperature
drops below a critical temperature leading to the transi-
tion of the Universe from a symmetric phase to a phase
of broken symmetry (for a recent review see [4]). In the
SM, electroweak phase transition, as well as QCD phase
transition, is of second order [5, 6] and does not generate
the GW signal. However, early Universe might be in a
state where not only the gauge symmetry was present but
also a (classical) scale-invariant or conformal symmetry
was realized, preventing any massive parameters in the
Lagrangian. Then the quantum effects must have broken
the scale-invariant symmetry, generating a nonzero VEV
of the scalar field(s) and all the mass terms of massive
particles via Coleman-Weinberg mechanism [7]. Particu-
larly, conformal DM models with Higgs portal are attrac-
tive because they can solve DM problem and at the same
time can generate a strongly first order phase transition
[8–11]. GWs due to first order phase transition have been
studied within models where the scale-invariant symme-
try is broken due to Coleman-Weinberg mechanism [12–
20] or models with DM candidate [21–39]. Conformal
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symmetry also proposed as a possible solution for hier-
archy problem [40].
Strongly first order electroweak phase transition can
take place in the early Universe when two local min-
ima of free energy (potential) co-exist for some range
of temperatures. It is a necessary condition in generat-
ing the observed baryon asymmetry in the universe and
provides one of the three Sakharov conditions [41], i.e.,
an out-of-equilibrium environment, in the framework of
electroweak baryogenesis (for a recent review see [42]).
On the other hand, this violent phenomenon can lead to
large anisotropic fluctuations in the energy-momentum
tensor generating stochastic GW background [43–48].
This signal can potentially be probed in future space
based GW detectors such as Laser Interferometer Space
Antenna (LISA) [49, 50], Big Bang Observer (BBO)
[51], Deci-hertz Interferometer Gravitational wave Ob-
servatory (DECIGO) [52], and Ultimate-DECIGO (U-
DECIGO) [53].
After two local minima of the free energy co-exist at a
critical temperature, the relevant scalar field can quan-
tum mechanically tunnel into the new phase. This phe-
nomenon continues via the nucleation of bubbles which
expand and eventually collide with each other leaving a
significant background of GWs. According to simulations
of GW backgrounds from cosmic phase transitions, there
are three spectral contributions: 1) the collision spec-
trum which is the direct result of bubbles of true vacuum
colliding [54–59], 2) sound wave spectrum which is the
consequence of the fluid dynamics following such colli-
sions, dominating in most relevant scenarios [60–63], and
3) the turbulence spectrum, which is generally subdomi-
nant [64–69]. GWs can prevail to the present times and
perhaps be detected in space-based GW detectors.
Scale-invariant extensions of the SM can also provide a
DM candidate (for recent papers see e.g. [70–80]). Parti-
cle nature of the DM is another important puzzle in par-
ticle cosmology [81]. There are in principle three ways
to search for such exotic particle: 1) direct detection 2)
indirect detection, and 3) collider searches. Direct de-
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2tection experiment such as the LUX [82], PandaX-II [83]
and XENON1T [84] are gradually approaching the neu-
trino backgrounds which is usually considered as the ul-
timate sensitivity of future direct detection experiments
[85]. Neutrino background (neutrino-floor) puts a limit
on discovery potential of DM. To this day, DM search
experiments have not found any evidence. However, null
results of DM detection does not exclude the possibility
of observing a GW signal from a dark sector. And in
some models GW signals could be a unique probe of the
thermal DM paradigm. In the absence of DM signal be-
low neutrino-floor, GW experiments may serve as a new
approach to probe the DM models. Consequently, GW
detectors can be a vital tools in exploring possibilities for
DM models, complementing existing efforts at colliders,
direct and indirect detection experiments.
In this paper, we will study a conformal model [11]
which is well motivated from a DM perspective or by nat-
uralness arguments. The model is a scale-invariant exten-
sion of the SM, enlarged by a dark U(1)D gauge symme-
try which provides a viable vector DM candidate. There
are only two additional fields as well as free parameters in
this model and the model can overcome constraints such
as DM relic density, and direct and indirect detection up-
per bound limits. For the parameter space constrained by
DM relic density, strongly first-order electroweak phase
transition can also take place. The main interest of the
present paper is the GW signal produced during the elec-
troweak phase transition. We use a benchmark point of
the parameter space with below the neutrino-floor DM-
nucleon cross section and show that the amplitude and
frequency of phase transition GW spectrum fall within
the observational window of eLISA. Since, this particu-
lar choice of the parameter space is not constrained by
colliders, and direct or indirect detection, therefore, GW
signal plays an important role in probing the model for
the chosen benchmark point.
This paper is structured as follows. In Sec. II we intro-
duce the model and review DM phenomenology. In this
section, we choose a benchmark point below the neutrino-
floor for the rest of the paper. In Sec. III, we study
effective potential. GW signal produced during first or-
der electroweak phase transition as well as its discovery
prospects are presented in Sec. IV, after which Sec. V
comprises a summary and our conclusion.
II. REVIEW OF THE MODEL AND DM
PHENOMENOLOGY
Let us first give an overview of the model presented
in [11]. The beyond SM fields content of the model are
a complex scalar field (φ) and a vector field (Vµ). The
model is a conformal extension of SM, enlarged by a dark
Abelian gauge symmetry. The scalar field φ has a unit
charge under dark U(1)D symmetry and Vµ is the cor-
responding Abelian gauge field serving as DM particle.
These two fields are neutral under SM gauge group and
SM fields are singlet under U(1)D. There is also a dis-
crete Z2 symmetry, under which SM particles are singlet
and the vector field Vµ and the scalar field φ transform
as follows:
Vµ → −Vµ , φ→ φ∗. (1)
Note that, Z2 symmetry forbids the kinetic mixing be-
tween the vector field Vµ and SM UY (1) gauge boson
Bµ, therefore, the vector field Vµ is stable and can be
considered as a viable DM candidate.
The conformal model may be organized into three sec-
tors: 1) the visible sector which consists of the SM fields
without Higgs potential (LV S), 2) the dark sector which
consists of the vector DM, Vµ, together with the scalar
field φ (LDS), and 3) scale invariant tree-level potential
(Vtree). The Lagrangian is given by
L = LV S + LDS − Vtree, (2)
where
LDS = (Dµφ)∗(Dµφ)− 1
4
VµνV
µν , (3)
with Dµφ = (∂µ + igvVµ)φ and Vµν = ∂µVν − ∂νVµ. The
most general scale-invariant potential which is renormal-
izable and invariant under Z2 and gauge symmetry is
Vtree =
λH
6
(H†H)2+
λφ
6
(φ∗φ)2+2λφH(φ∗φ)(H†H), (4)
where H is the Higgs doublet. In Eq. (4), the third term
is the only connection between the dark and the visible
sector.
In unitary gauge, H† = 1√
2
(0 h1) and φ =
1√
2
h2,
therefore, tree-level potential is given by
Vtree =
1
4!
λHh
4
1 +
1
4!
λφh
4
2 +
1
2
λφHh
2
1h
2
2, (5)
where h1,2 are real scalar fields. Vacuum stability re-
quires λH,φ > 0 and λφH < 0,. Furthermore, non-zero
VEV of h1,2 scalar fields demands λHλφ = (3!λφH)
2.
The Local minimum of the two-variable potential (5)
defines a direction in field-space known as flat direction
[86]. Along this direction Vtree = 0, while in other di-
rections Vtree > 0. Therefore, tree-level potential only
vanishes along the flat direction where
tanα =
h1
h2
=
√
−3!λφH
λH
. (6)
Naturally, we expect higher-loop contributions be domi-
nated along this direction and they should determine the
local minimum of the full potential containing higher-
loop effects. Indeed, for some mass spectrum of the
model, 1-loop effective potential, V 1−loopeff , gives a small
curvature in the flat direction with V 1−loopeff < 0. There-
fore, considering 1-loop effect, the potential has a global
3sinα gv mϕ(GeV) ν(GeV) mV (GeV) Ωh
2 σDM−N (zb) 〈σv〉 (cm3/s)
1.218× 10−1 5.653× 10−1 1.239× 102 2.019× 103 1.133× 103 1.184× 10−1 8.608× 10−4 2.254× 10−26
TABLE I. A benchmark point of the model and corresponding DM relic density, SI DM-nucleon cross section, and DM total
annihilation cross section. For this benchmark point, DM-nucleon cross section is below the neutrino-floor limit.
minimum point in field space and consequently, symme-
try breaking can take place. We assume ν1 and ν2 are
VEVs of h1 and h2 where ν1 = 246 GeV. Now consider
mass eigenstates h and ϕ,
h = cosα h1 − sinαh2,
ϕ = sinαh1 + cosα h2, (7)
where α is the angle between flat direction and h2 axis in
field-space. Therefore, along the flat direction 〈h〉 = 0,
and all massive particles get mass when 〈ϕ〉 6= 0. In our
formulation, h is perpendicular to the flat direction and
we identify it as the SM-like Higgs observed at the LHC
withmh = 125 GeV. At the classical tree-level, the scalon
field ϕ is massless, however, the 1-loop corrections give a
mass to this field via Gildener-Weinberg mechanism [86].
Regarding 1-loop effect, the scalon mass is given by
m2ϕ =
1
8pi2ν2
(
m4h + 6m
4
W + 3m
4
Z + 3m
4
V − 12m4t
)
, (8)
where mV,W,Z,t being the masses for vector DM, W and
Z gauge bosons, and top quark, respectively, and ν =√
ν21 + ν
2
2 .
After symmetry breaking, all the four dimension-less
parameters of the model, i.e., λH,φH,φ and gv, will be
determined by DM mass mV , mh, ν1, and ν2. Since we
have already determined mh and ν1, therefore, the model
has only two independent parameters. Here, we choose,
DM mass mV and ν as our two-dimensional parameter
space. According to Eq. (8), mϕ is also determined by
this two-dimensional parameter space.
We have recently studied the DM phenomenology of
such a model [11]. Here we briefly report the main re-
sults. In our model, for a narrow region of the parameter
space, a direct detection of the vector DM is hopeless
due to the neutrino-floor which represents an irreducible
background, see FIG. 1.
In this figure, spin-independent (SI) DM-nucleon cross
section versus DM mass is depicted. PandaX-II [83] up-
per bound as well as neutrino-floor [85] limit is shown for
comparison. As it is seen, for a narrow region of param-
eter space, DM-nucleon cross section has a dip below the
neutrino-floor. The origin of this dip, is the proportion-
ality of DM-nucleon cross section with ( 1m2ϕ
− 1
m2h
)2 [11].
Therefore, for the parameter space around mϕ ' mh, we
expect such a dip.
As we mentioned before, only a small portion of the
parameter space is below neutrino-floor. This region of
parameter space is beyond the sensitivity of future Direct
or indirect detection experiments [11]. However, we show
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FIG. 1. DM-nucleon cross section for a parameter spacce
already constrained by DM relic density, Ωh2 = 0.12 [87].
that one can probe this blind-spot of the model using
space-based GW detectors. Since the region below the
neutrino-floor is narrow, we choose only one benchmark
for the rest of this paper, see TABLE I.
III. EFFECTIVE POTENTIAL
The effective potential is composed of three parts: 1)
classical or tree-level potential, 2) zero temperature 1-
loop potential known as Coleman-Weinberg potential,
and 3) 1-loop finite temperature potential. In the follow-
ing we study these three pieces of full effective potential.
A. Tree-level potential
The tree-level potential is given in Eq. (5). In the
scalar sector, tree-level field-dependent masses corre-
spond to the eigenvalues of the Hessian matrix:
Hij ≡ ∂
2Vtree
∂hi∂hj
⇒ H =
(
1
2λHh
2
1 + λφHh
2
2 2λφHh1h2
2λφHh1h2
1
2λφh
2
2 + λφHh
2
1
)
, (9)
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FIG. 2. Field-dependent masses of scalars. M2h (left) is positive, while M
2
ϕ (right) is negative, except along the flat direction
where M2ϕ = 0. In the white region, M
2
ϕ will be complex.
and are given by
M2h,ϕ =
1
4
(
(λH + 2λφH)h
2
1 + (λφ + 2λφH)h
2
2
)±√
1
16
((λH − 2λφH)h21 − (λφ − 2λφH)h22) 2 + 4λ2φHh21h22.
(10)
For the top quark and the gauge bosons the field depen-
dent masses are
M2t =
λ2t
2
h21, M
2
V = g
2
vh
2
2,
M2W =
g2
4
h21, M
2
Z =
g2 + g′2
4
h21, (11)
where λt denotes the top quark Yukawa coupling, and
gv, g, and g
′ are dark U(1)D, SU(2)L and U(1)Y gauge
couplings, respectively.
According to Eqs. (11), it is obvious that M2t , M
2
V ,
M2W , and M
2
Z are positive. As FIG. 2 shows, M
2
h is also
positive, however, M2ϕ < 0 except along the flat direction
where M2ϕ = 0. Here, we exclude the field space with
M2ϕ < 0 and only consider flat direction.
B. Coleman-Weinberg potential
The Coleman-Weinberg potential is a sum of 1PI 1-
loop diagrams with arbitrary numbers of external fields
and particles running in the loop and it is given by [7]
V 1CW =
1
64pi2
n∑
k=1
gkM
4
k
(
ln
M2k
Λ2
− Ck
)
, (12)
where Ck = 3/2 (5/6) for scalars/spinors (vectors), Mk is
the tree-level field-dependent mass of particle k given in
Eqs. (10) and (11), and gk presents the number of degrees
of freedom given by
gk = (−1)2skqkNk(2sk + 1), (13)
where sk is the spin, Nk the number of colors and qk = 1
(2) for neutral (charged) particles.
In Eq. (12), to get a real Coleman-Weinberg poten-
tial, the field dependent mass squared of particles can
not be negative. Thus the allowed field space should be
along the flat direction. On the other hand, along this
direction Mϕ = 0, and we do not consider scalon field
contribution in Coleman-Weinberg potential (12). More-
over, the Goldstone bosons are massless along the flat
direction and they do not contribute in the minimum of
the tree-level potential. Therefore, we do not consider
field dependent masses of Goldstone bosons in Eq. (12)
as well.
Note that, along the flat direction, for five remained
field dependent mass contributions, we can substitute
Mk → mkν ϕ, where mk is the measured mass of parti-
cle k. Regarding this substitution in Eq. (12) results the
well-known Gildener-Weinberg formula [86]
V 1GW = Aϕ
4 +Bϕ4 ln
ϕ2
Λ2
, (14)
where
A =
1
64pi2ν4
n∑
k=1
gkm
4
k
(
ln
m2k
ν2
− Ck
)
,
B =
1
64pi2ν4
n∑
k=1
gkm
4
k. (15)
As we mentioned before, along the flat direction
Vtree = 0. Therefore, to find the true vacuum, one should
5find the minimum of the 1-loop potential (14), given by
〈ϕ〉 = ν = Λe−( A2B+ 14 ). (16)
Combining Eq. (14) and Eq. (16) we can substitute RG
scale Λ and find a simple expression for the 1-loop po-
tential in terms of the true vacuum expectation value ν
and B coefficient:
V 1GW = Bϕ
4
(
ln
ϕ2
ν2
− 1
2
)
. (17)
From the above equation, one can find m2ϕ =
d2V 1GW
dϕ2
∣∣∣∣
ν
,
see Eq. (8). Although, the ϕ scalar obtains a radiatively
generated mass at 1-loop level, Goldstone bosons remain
massless to all orders in perturbation theory.
C. Finite temperature potential
Now we study finite-temperature 1-loop effective po-
tential which enables us to compute scalar field vacuum
expectation values, in the background of a thermal bath
with temperature T . The 1-loop finite-temperature cor-
rections are given by [88]
V 1T =
T 4
2pi2
n∑
k=1
gkJB,F(
Mk
T
), (18)
with thermal functions
JB,F(x) =
∫ ∞
0
dy y2 ln
(
1∓ e−
√
y2+x2
)
, (19)
vanishing as T → 0. Although these integrals cannot be
expressed in terms of standard functions, their numerical
evaluation is rather straightforward and one can approx-
imate them in different limits. For example, in the high
temperature limit (x  1), JB(x) and JF(x) have very
useful closed forms (see appendix C in [88]),
Jhigh-TB (x) = −
pi4
45
+
pi2
12
x2 − pi
6
x3 − 1
32
x4 ln
(
x2
ab
)
,
Jhigh-TF (x) =
7pi4
360
− pi
2
24
x2 − 1
32
x4 ln
(
x2
af
)
, (20)
where ab = pi
2 exp
(
3
2 − 2γE
)
, af = 16 ab and γE denotes
the Euler-Mascheroni constant. The thermal functions
JB(x) and JF(x) also have a useful expansion in terms
of modified Bessel functions of the second kind (see Ap-
pendix A)
JmB (x) = −
m∑
k=1
1
k2
x2K2 (kx) ,
JmF (x) = −
m∑
k=1
(−1)k
k2
x2K2 (kx) . (21)
The above sum representations are convergent as m→∞
and in this limit Jm(x) → J(x). In FIG. 3, we have de-
picted J(x), Jhigh-T(x), and Jm(x). As it is seen in this
figure, with the log term included, high-T expansion for
the thermal functions is accurate to better than 10 per-
cent even for x ∼ (1− 1.5) (depending on the function),
but breaks down completely beyond that. However, the
summation in Eq. (21) can be truncated at a few terms,
for example m = 2 for JF and m = 3 for JB , and still
yield a very good accuracy (see FIG. 3).
JB
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JB
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JF
high-T
JB
3
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2
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FIG. 3. Thermal functions and their different approxima-
tions.
In order to consider as well the resummation of the
Matsubara zero modes, it is essential to resum the ther-
mal masses by substituting M2 → M2tree + Π. In the
standard method, Π is taken to be the leading contribu-
tion in temperature to the 1-loop thermal mass [89]. For
scalars Π can be estimated by differentiating V 1T with re-
spect to ϕ yielding Π ∝ T 2. This replacing automatically
contains daisy contributions to all orders in the effective
potential.
Using high-T approximation, the field dependent terms
in logs cancel between V 1T and V
1
CW. The x
2 term gives
an overall contribution proportional to T 2Πi. If we use
only the leading-order contribution to Πi in temperature,
T 2Πi will be field-independent. Therefore, only x
3 term
is left, which can be entrap by adding Vring. This means,
effective potential contains four terms:
Veff = Vtree + V
1
CW + V
1
T + Vring, (22)
where Vring is daisy term [89]:
Vring =
n∑
k=1
gkT
12pi
(
M3k − (M2k + Πk(T ))3/2
)
. (23)
Including Vring amounts to resumming the IR-divergent
terms to the Matsubara zero mode propagator. It is
equivalent to substitute M2 → M2tree + Π(T ) in the full
effective potential, assuming that only the thermal mass
6of the zero mode is relevant, which means using high-
temperature approximation.
The sum in Eq. (23) runs only over longitudinal degrees
of freedom of the gauge bosons and scalars. The thermal
masses of the gauge bosons are given by [89]
ΠW =
(
5
6
+
nf
3
)
g2T 2, ΠV =
2
3
g2vT
2,
ΠZ/γ =
((
5
6 +
nf
3
)
g2 0
0
(
1
6 +
5nf
9
)
g′2
)
T 2,
(24)
where nf = 3 is the number of fermionic generations. For
scalars we have
ΠScalar =
(
∂2V high−T
∂h21
∂2V high−T
∂h1∂h2
∂2V high−T
∂h2∂h1
∂2V high−T
∂h22
)
=
(
λH
24 +
λφH
12 +
3g2
16 +
g′2
16 +
λ2t
4 0
0
λφ
24 +
λφH
12 +
g2v
4
)
T 2,
(25)
where V high−T is derived from Eq. (18) using high tem-
perature approximation (20) with only x2 term, i.e.,
V high−T =
T 2
24
(∑
B
gBM
2
B −
1
2
∑
F
gFM
2
F
)
. (26)
The factors of the scalar couplings in Eq. (25) are differ-
ent from the results in the literature (e.g. ref. [89]) since
we did not include the impact of the Goldstone bosons
(as the same as ref. [19]).
Considering Eq. (22) along the flat direction (where
Vtree = 0), we can obtain a one-dimensional effective
potential, Veff (ϕ, T ) which contains Gildener-Weinberg
potential (17) and thermal contributions (18) and (23).
In the next section using this potential, we study the
phase transition and GW signal.
IV. ELECTROWEAK PHASE TRANSITION
AND GW SIGNAL
The electroweak phase transition takes place after the
temperature of the universe drops below the critical
temperature (see FIG. 4) and the minimum with non-
zero scalon VEV becomes the global minimum. For
the parameters in TABLE I, the critical temperature is
Tc = 339 GeV at which the effective potential has two
degenerate minimums.
After the minimum with non-zero scalon VEV becomes
the global minimum, thermal fluctuations eventually ex-
cite the field enough to cross the potential barrier. For
conformal extensions of SM, the potential barrier disap-
pears only for T = 0, thus the electroweak phase transi-
tion in scale-invariant models is always of first order for
any finite temperature.
T=360 [GeV]
T=339 [GeV]
T=318 [GeV]
0 500 1000 1500 2000
0
1×109
2×109
3×109
φ [GeV]
(V(φ)-
V(0))
[GeV
4 ]
FIG. 4. The effective potential which accounts for the full 1-
loop thermal effects including the re-summed daisy diagrams
plotted for three different temperatures. At the critical tem-
perature Tc = 339 GeV the minima at ϕ = 0 and ϕ ' 1900
GeV are degenerate.
The decisive quantity is the temperature at which
phase transition proceeds via nucleation and consequent
expansion of bubbles inside of which the field is in the
broken phase of the model. The rate of bubble nucle-
ation per unit of time and volume is given by [90]
Γ(T ) ' T 4
(
S3(T )
2piT
)3/2
e−S3(T )/T , (27)
where
S3(T ) = 4pi
∫ ∞
0
dr r2
(
1
2
(
dϕ
dr
)2
+ Veff (ϕ, T )
)
, (28)
is the three-dimensional Euclidean action for a spherical
symmetric bubble. The differential equation
d2ϕ
dr2
+
2
r
dϕ
dr
=
dVeff (ϕ, T )
dϕ
, (29)
minimizes S3, therefore, the field ϕ obtained by solving
the equation (29) has the largest contribution to the bub-
ble nucleation rate. The solution of (29) starts for r = 0
close to a specified true vacuum in field space with dϕdr = 0
and asymptotically come near to a specified false vacuum
as r → ∞. The nucleation temperature Tn is defined as
the temperature at which the probability of one bubble
nucleation per horizon volume in Hubble time approaches
unity:
4pi
3
Γ(Tn)
H(Tn)4
' 1. (30)
The Hubble parameter as a function of temperature is
given by [91]
H(T ) =
piT 2
3Mpl
√
g∗
10
, (31)
7where Mpl ∼ 1019 GeV and g∗ ∼ 100 are the Planck
mass and the effective number of relativistic degrees of
freedom in the thermal plasma, respectively. One can
also estimates Tn by the condition S3(Tn)/Tn ' 140 [92].
fit curve
data points
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T
=140
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1000
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2000
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S
3(T)
/T
FIG. 5. The blue solid line presents S3/T versus T , and the
dashed horizontal red line shows S3/T = 140 where nucleation
occurs. The green dots are obtained using AnyBubble package.
In order to solve Eq. (29) and find the Euclidean action
(28), we have used AnyBubble package [93]. The result is
depicted in FIG. 5. Using condition (30), we determine
the nucleation temperature, Tn = 47 GeV, which is much
lower than the critical temperature. Therefore, phase
transition proceeds after a large amount of supercooling
and transition should be very strong, consequently we
expect a fairly large GW signal produced at the temper-
ature T∗. For typical phase transitions with negligible
reheating, T∗ is approximately equivalent to the nucle-
ation temperature Tn.
Now we study stochastic GW background produced
by strong first-order electroweak phase transitions. The
resulting contributions come from three processes:
• collisions of bubble walls and shocks in the plasma,
• sound waves to the stochastic background after col-
lision of bubbles but before expansion has dissi-
pated the kinetic energy in the plasma, and
• turbulence forming after the bubbles have collided.
These three processes can coexist, and each one con-
tributes to the stochastic GW background:
h2Ωtot ' h2Ωcoll + h2Ωsw + h2Ωturb. (32)
All of these three contributions are controlled by four
thermal parameters (see TABLE II):
• Tn : the nucleation temperature,
Tc(GeV) Tn(GeV) α β/H∗
339 47 24 808
TABLE II. Parameters of the phase transition for the bench-
mark point in TABLE I.
• α : the ratio of the free energy density difference
between the true and false vacuum and the total
energy density,
α =
∆
(
Veff − T ∂Veff∂T
) ∣∣∣∣
Tn
ρ∗
, (33)
where ρ∗ is given by
ρ∗ =
pi2g∗
30
T 4n , (34)
• β : the inverse time duration of the phase transi-
tion,
β
H∗
= Tn
d
dT
(
S3(T )
T
) ∣∣∣∣
Tn
, (35)
• vw : the velocity of the bubble wall which is an-
ticipated to be close to 1 for the strong transitions
[94].
The electroweak phase transition proceeds by the nu-
cleation and expansion of bubbles of the new phase. Note
that isolated spherical bubbles can not be a source of
GWs and these waves arise during the collision of the
bubbles. The collision contribution to the spectrum is
given by [59]
h2Ωcoll(f) =1.67× 10−5
(
β
H∗
)−2(
κα
1 + α
)2
×
( g∗
100
)− 13 ( 0.11 v3w
0.42 + v2w
)
Scoll, (36)
where Scoll parametrises the spectral shape and is given
by
Scoll =
3.8 (f/fcoll)
2.8
2.8 (f/fcoll)
3.8
+ 1
, (37)
where
fcoll =1.65× 10−5
(
0.62
v2w − 0.1vw + 1.8
)
×
(
β
H∗
)(
Tn
100
)( g∗
100
)1/6
Hz. (38)
Bubble collision produces bulk motion in the fluid in
the form of sound waves which generates GWs. This
8is the dominant contribution to the GW signal which is
given by [63]
h2Ωsw(f) =2.65× 10−6
(
β
H∗
)−1(
κvα
1 + α
)2
×
( g∗
100
)− 13
vw Ssw. (39)
The spectral shape of Ssw is
Ssw = (f/fsw)
3
(
7
3 (f/fsw)
2
+ 4
)3.5
, (40)
where
fsw = 1.9× 10−5 1
vw
(
β
H∗
)(
Tn
100
)( g∗
100
)1/6
Hz. (41)
Bubble collisions can also generate turbulence in the
plasma which its contribution to the GW spectrum is
given by [68]
h2Ωturb(f) =3.35× 10−4
(
β
H∗
)−1(
κturbα
1 + α
)3/2
×
( g∗
100
)− 13
vw Sturb, (42)
where
Sturb =
(f/fturb)
3
(1 + 8pif/h∗) (1 + f/fturb) 11/3
, (43)
and
fturb = 2.27× 10−5 1
vw
(
β
H∗
)(
Tn
100
)( g∗
100
)1/6
Hz.
(44)
In Eq. (43), h∗ is the value of the inverse Hubble time at
GW production, redshifted to today,
h∗ = 1.65× 10−5
(
Tn
100
)( g∗
100
)1/6
. (45)
In computing GW spectrum we have used [3, 57]
κ =
1
1 + 0.715α
(0.715α+
4
27
√
3α
2
),
κv =
α
0.73 + 0.083
√
α+ α
, κturb = 0.05κv, (46)
where κ, κv, and κturb denote the fraction of latent heat
that is transformed into gradient energy of the Higgs-
like field, bulk motion of the fluid, and MHD turbulence,
respectively. The result is depicted in FIG. 6. As it is
seen in this figure, the peak frequency of GW is about
0.005 Hz and it is strong enough to be detected by eLISA
detector.
h
2Ωtot
h
2Ωsw
h
2Ωcoll
h
2Ωturb
C1
C2
C3
C4
10-5 10-4 0.001 0.010 0.100
10-20
10-16
10-12
10-8
f [Hz]
h
2
Ω
FIG. 6. GW spectra for the phase transition parameters (see
TABLE II). The black line denotes the total GW spectrum,
the yellow line the contribution from sound waves, the blue
line the contribution from bubble collisions, and the red line
the contribution from turbulence. Sensitivity curves of the
four configurations of eLISA detector (C1-C4) are also de-
picted [3]. The amplitude and peak frequency of phase tran-
sition GW spectrum fall within the observational window of
eLISA.
V. CONCLUSION
We have studied the GW signatures associated with
the strong electroweak phase transition in the early uni-
verse in a scale-invariant vector DM model. In this
model, both DM mass and the Higgs potential origi-
nate from the effects of a real scalar field (scalon) whose
mass term dynamically develop through the spontaneous
breaking of classical scale-invariant symmetry. To study
phase transition, we obtained effective potential includ-
ing three terms: 1) tree-level potential, 2) Coleman-
Weinberg 1-loop potential, and 3) finite temperature po-
tential with daisy diagrams contributions. Since, we have
considered the flat direction in the field space, the effec-
tive potential only contains the Coleman-Weinberg and
thermal terms. We show that the nucleation tempera-
ture is much lower than the critical temperature, i.e., the
phase transition proceeds after large super-cooling. To
compute the GW spectrum, we have considered a bench-
mark point of the parameter space below the neutrino-
floor and see that the amplitude and frequency of GW
fall within the observational window of eLISA. This par-
ticular choice of the parameter space is not constrained
by colliders, and direct or indirect detection, and so, GW
signal plays an important role in investigating the model.
Therefore one can probe below the neutrino-floor in this
model, and possibly other DM models with strong elec-
troweak phase transition, via GW detectors.
9Appendix A: Expansion of thermal functions
The natural logarithm has Maclaurin series
ln(1∓ x) = −
∞∑
k=1
(±1)k
k
xk. (A1)
Using the above formula in the thermal functions,
JB,F(x) =
∫ ∞
0
dy y2 ln
(
1∓ e−
√
y2+x2
)
, (A2)
we get
JB,F(x) =
∫ ∞
0
dy y2(−
∞∑
k=1
(±1)k
k
e−k
√
y2+x2)
= −
∞∑
k=1
(±1)k
k
∫ ∞
0
dy y2e−k
√
y2+x2 . (A3)
If we make the substitutions
y2 + x2 = t2x2,
⇒ dy y2 = dt t x3(t2 − 1)1/2, (A4)
we obtain
JB,F(x) = −
∞∑
k=1
(±1)k
k
x3
∫ ∞
1
dt t(t2−1)1/2e−kxt. (A5)
Now let
u = e−kxt,
v =
1
3
(t2 − 1)3/2 ⇒ dv = dt t(t2 − 1)1/2, (A6)
therefore,
JB,F(x) = −
∞∑
k=1
(±1)k x
4
3
∫ ∞
1
dt(t2 − 1)3/2e−kxt. (A7)
In order to derive the above formula, the integration by
parts is performed. Equation (A7) can be written as
JB,F(x) = −
∞∑
k=1
(±1)k
k2
x2
4
3
(
kx
2
)2
∫ ∞
1
dt(t2 − 1)3/2e−kxt
= −
∞∑
k=1
(±1)k
k2
x2K2(kx), (A8)
where we have used the integral representation of modi-
fied Bessel functions of the second kind [95]
Kν(x) =
√
pi
Γ
(
ν + 12
) (x
2
)ν ∫ ∞
1
dt
(
t2 − 1)ν− 12 e−xt.
(A9)
Equation (A8) is the same as Eq. (21) with m→∞.
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